The variation with respect to temperature T of transport properties of 58 fragile structural glass forming liquids (67 data sets in total) are analyzed and shown to exhibit a remarkable degree of universality. In particular, super-Arrhenius behaviors of all super-cooled liquids appear to collapse to one parabola for which there is no singular behavior at any finite temperature. This behavior is bounded by an onset temperature To above which liquid transport has a much weaker temperature dependence. A similar collapse is also demonstrated, over the smaller available range, for existing numerical simulation data. Figure 1 shows the collapse of transport data for fragile glass-forming liquids. These refer to super-cooled liquids where the increase of relaxation time τ with decreasing temperature T is more rapid that that of the Arrhenius law, log(τ /τ R ) = E (1/T − 1/T R ). Here, τ R denotes a relaxation time at a reference temperature T R , and E stands for activation energy over Boltzmann's constant k B . Rather than linear in 1/T , the collapsed data for log τ is quadratic in 1/T . The data provide no evidence for singular expressions like the Vogel-Fulcher-Tammann (VFT) log τ ∼ const/(T − T K ) or the mode-coupling log τ ∼ const| log(T − T c )|, where T K or T c are finite positive temperatures. These forms are often used to fit transport data of super-cooled liquids [1] , and theoretical arguments have been presented as derivations of these forms [2] .
The variation with respect to temperature T of transport properties of 58 fragile structural glass forming liquids (67 data sets in total) are analyzed and shown to exhibit a remarkable degree of universality. In particular, super-Arrhenius behaviors of all super-cooled liquids appear to collapse to one parabola for which there is no singular behavior at any finite temperature. This behavior is bounded by an onset temperature To above which liquid transport has a much weaker temperature dependence. A similar collapse is also demonstrated, over the smaller available range, for existing numerical simulation data. Figure 1 shows the collapse of transport data for fragile glass-forming liquids. These refer to super-cooled liquids where the increase of relaxation time τ with decreasing temperature T is more rapid that that of the Arrhenius law, log(τ /τ R ) = E (1/T − 1/T R ). Here, τ R denotes a relaxation time at a reference temperature T R , and E stands for activation energy over Boltzmann's constant k B . Rather than linear in 1/T , the collapsed data for log τ is quadratic in 1/T . The data provide no evidence for singular expressions like the Vogel-Fulcher-Tammann (VFT) log τ ∼ const/(T − T K ) or the mode-coupling log τ ∼ const| log(T − T c )|, where T K or T c are finite positive temperatures. These forms are often used to fit transport data of super-cooled liquids [1] , and theoretical arguments have been presented as derivations of these forms [2] .
This relaxation time τ is an "equilibrium" property. Its value is determined by the thermodynamic state of the system, and nothing more. The rate of preparation, for example, is not pertinent. In contrast, one could consider transport properties when, for example, cooling or warming rates exceed relaxation rates, or at other irreversible conditions like those with which glass is manufactured. In irreversible or driven cases, transport properties can be singular [3] . But in this article, we confine our attention to the reversible case, because it is this case where the great majority of quantitative measurements have been made. It is for this case that we are showing with Figure  1 that there is no evidence of singular behavior controlled by the thermodynamic variable T .
Recently, Dyre and co-workers [4] arrived at a similar conclusion: existing transport data support neither the idea of a finite temperature divergence nor the VFT formula. All the data considered in Ref. [4] and more are treated here. Our analysis takes the further step of collapsing the data and thus demonstrating universality. A similar collapse was noted a few years ago, when Rössler and co-workers showed how seemingly varied behaviors for the transport properties of several super-cooled liquids could be represented by a single function of tem- * Electronic address: chandler@cchem.berkeley.edu perature [5] . The fitting in Figure 1 differs mainly in the functional form adopted for the data collapse. This difference enables a universal fit over a range of temperatures larger than those of Ref. [5] . Kivelson and co-workers [6] have proposed another collapse to a non-singular function, but one with one more adjustable parameter than we consider.
We have used the quadratic form in earlier work [7] . This form could be interpreted in terms of a random energy model, where activation barriers are assumed to be distributed as Gaussian variables [8] , but the origin of this distribution would then remain to be explained. We arrived at the quadratic form differently, from a class of kinetically constrained models [9] where the activation energy to relax a domain of length scale ξ grows as log ξ [10] . The equilibrium domain size is ξ ≃ c −1/d , where c is an equilibrium concentration of localized excitations and d is dimensionality. The Boltzmann distribution gives log c ∝ 1/T , from which one predicts an activation energy that grows as 1/T so that log τ grows as 1/T 2 (to leading order in 1/T ) [10] .
We expect the range of validity of this quadratic behavior to be bounded [7] . In particular, it should not apply above a temperature T o where excitations facilitating molecular motions are present throughout the system. In that regime, correlated dynamics is not required for molecular motions, and accordingly, temperature variation of transport is nearly negligible [11] . The quadratic form should also not apply below another temperature, which we call T x . The reasoning here recognizes that correlated dynamics leading to super-Arrhenius behavior [12] is the result of constraints due to intermolecular forces. At an energetic cost, E, these constraints can be avoided. The time scale to pay that cost is τ x exp(E/T ). While this time can be very long, at a low enough temperature it will become shorter than a super-Arrhenius time. This is the temperature T x , below which relaxation will be dominated by dynamics that avoid constraints. Therefore, we use
to fit data in Figure 1 , using J as the parameter to set the energy scale for excitations of correlated dynamics, and Table I . Inset shows the same data when graphed in Angell-type plots, where Tg refers to the temperature at which the viscosity of the liquid is 10 13 Poise or when the relaxation time reaches 10 2 seconds. (b) Data for temperatures T < To graphed as a function of the square of the collapse variable. Key at right lists the 67 liquid data sets considered in the graphs. The meaning of each acronym is given in Table I. with the understanding that for T > T o , log(τ /τ o ) has little temperature dependence, and for T < T x , log(τ /τ o ) will crossover to Arrhenius temperature dependence.
The onset and crossover temperatures are material properties that may or may not fall within the range of specific experiments. For systems where T o approaches T x , fragile behavior will not be observed. Most data that we have found lies in either the fragile and normal liquid regime, T > T x , or in the strong regime, T < T x , but not both. In Ref. [7] , we noted published transport data on two organic liquids that appear to exhibit the crossover [13] . But for one of these, salol, other data seem to contradict this finding [14, 38] . Yet a change from super-Arrhenius to Arrhenius behavior should also be reflected in a change of transport de-coupling [15] , and this change is seen between dielectric and viscous relaxation [16] . The temperature dependence of transport [17] and of decoupling [18] in films of liquid water also suggest the presence of a crossover. Unfortunately, the amount of data available at present is too sparse to make a convincing case for the origin of this phenomenon. As such, for the present, we focus on the fragile regime. Table I collects the parameters obtained in the fitting data to Eq.(1) with T o > T > T x . For each liquid considered, the data set for this regime contained five or more data points, and most contained ten or more data points. This is the data shown in Figure 1 . Some of the data refer to viscosity measurements, others refer to relaxation time measurements. We use the same formula for both, replacing τ with η when referring to viscosity. For each liquid, the three fitting parameters are determined by minimizing the mean square deviation, σ 2 , between the data and the quadratic form for temperatures that exceed a preliminary estimate of the onset temperature. This estimate is the highest temperature at which the curvature of the data, as a function of 1/T , appears to take on its maximum value. This estimate usually coincides closely with the value of T o found from fitting the quadratic form. The standard deviations obtained by this fitting are noted in Table I . Also noted in Table I are the standard deviations obtained by fitting the VFT form to the same data. Both the quadratic form and the VFT form have three independent parameters. Considering all 67 liquid data sets, the mean standard deviation for the parabolic form is 0.073 ± 0.073 and for the VFT form is 0.088 ± 0.14. While the standard deviations are similar, there are at least two reasons to favor the quadratic form over the VFT form. The first [4] is that the quadratic form does not require the introduction of a metaphysical Kauzmann temperature -an implausible thermodynamic state point that by definition is unobservable [19] . The second is that, for approximately half the liquids fitted, the VFT form achieves small standard deviations with a pre-factor time that is less than 10 fs, which is too short to coincide with structural relaxation at any reference state of a molecular liquid.
The reference time, τ o , is the time for relaxing a microscopic region of liquid at the onset temperature. We expect these times to be significantly larger than 1 ps. Similarly, we expect the reference viscosity, η o , to be not much smaller than 1 Poise. A much smaller value can be an indication of treating a strong material as if it were fragile. For example, fitting available data for liquid 3-phenyl-1-propanol (3Ph1P) [4, 20] with Eq.(1) yields a seemingly acceptable standard deviation of σ = 0.16, but the energy scale compared to the reference temperature is curiously Table II . Inset shows the same data when graphed as log τ vs 1/T . T is given in units of ǫ/kB and τ in units of p mσ 2 /ǫ. Here, m is a particle mass, σ is a particle diameter, and ǫ is an energy parameter that characterizes interparticle interactions. See Refs. [47, 48, 49, 50, 51, 52 ] for the precise meaning in each particular case. The meaning of each acronym is given in Table II. low, J/T o ≈ 1.2, and the reference time is unreasonably short, τ o ≈ 10 −16 s. Instead, by fitting to the Arrhenius form with log (τ R /s) = −2.4 at T = T R = 200K, the activation energy E and standard deviation σ have reasonable values of 40T R and 0.57, respectively. Another similar case is the liquid triphenyl-ethylene (TPE) [21] . Again, while the standard deviation σ = 0.0086 is small, the time is unreasonably short, τ o ≈ 10 −14 s.
An Arrhenius fit for these data yields log (τ R /s) = −3.1, T R = 274K, E/T R = 58 and σ = 0.058. The available data therefore suggests that these super-cooled liquids are strong. That is, the crossover temperature is larger than any temperature for which the data is available: T x > T R . Perhaps for these liquids, or others like them, relaxation could be studied at higher temperatures to find evidence for a crossover temperature. There is one outlying data point on the graphs of Figure 1 for so called NS 66 [22] . This occurs at a state point far separated from all the other state points for which other data points exist. We suspect this point might be erroneous. Figure 2 shows quadratic data collapse for data from six numerical simulations of fragile glassfomers. Here, the fitting was done using the same methods used to collapse the data in Figure 1(a) . Table II shows the parameters used for the data collapse. J/T o for the numerical simulation data is comparable in magnitude to the values obtained for many of the experimental liquids. The simulation data extends over three or four orders of magnitude while the experimental data extends over more than ten orders of magnitude. a To is the fitted onset temperature in K. b J is the fitted energy scale over kB. c τo is the fitted onset relaxation time in seconds. d ηo is the fitted onset viscosity in Poise. e σ is the standard deviation of the quadratic form given by:`1/(N − n) P i (log 10 τ fit,i − log 10 τ data,i ) 2´1 /2 . N is the number of fitted data points, n = 3 is the number of degrees of freedom for all reported fits. i = {1, N } indexes the fitted points. σVFT is the standard deviation for fitting the parameters τ f Tm is the melting temperature. g Tg is the glass transition temperature i.e., where η = 10
13 P or τ = 10 2 s. h The range of temperature for data reported in K. Only data for T < To is fitted. To is the fitted onset temperature in kB/ǫ b J is the fitted energy scale over kB. c τo is the fitted onset relaxation time in p mσ 2 /ǫ. d σ is the standard deviation of the quadratic form given by:`1/(N − n) P i (log 10 τ fit,i − log 10 τ data,i ) 2´1 /2 . N is the number of fitted data points, n = 3 is the number of degrees of freedom. i = {1, N } indexes the fitted points. e The range of temperature for data reported in units of kB/ǫ. Only data for T < To is fitted.
